A fish ladder designed to facilitate fish passage at the outlet end of perched culverts is investigated with a 3D computational fluid dynamics model. The fish ladder consists of a series of alternating arch baffles with geometries providing options for fish passage over varying flow and debris conditions within the ladder. At high flows, the baffle's protruding center arch increases pool depth, reducing the volumetric bulk turbulence of the pools and improving fish habitat. The arch baffle is compared to a standard baffle design currently in use and demonstrates potential advantages for fish passage. A recirculation zone of low velocity occupies a large volume of the pool believed to provide appropriate hydraulic habitat for resting and staging jump attempts upstream. This numerical study provides an acceptable design for future physical prototype testing in the laboratory or field to verify hydraulics and evaluate fish passage effectiveness.
known to have an important influence on the distribution of fish species (Norman et al. 2009; Davis and Davis 2011; Doehring et al. 2011; Harvey and Railsback 2012) in fluvial habitats.
The construction of a fish ladder or rock ramp at the downstream end of the culvert is a common approach to improve connectivity between the upstream and downstream reaches.
However, in remote regions, many fish ladder designs may prove impractical due to a lack of available resources (i.e., concrete, large boulders). Furthermore, the difficult terrain on which many perched culverts are found restricts the use of large construction equipment.
D r a f t
galvanized SPCSP (Penny and Villeneuve 2003) . The aforementioned qualities of SPCSP demonstrate its applicability for use in fish ladder design. The present study employs a computational fluid dynamics (CFD) model to investigate the flow field developed by an innovative fish baffle (arch baffle) placed within a half round polymer coated SPCSP culvert.
The arch baffle could equally be fitted within other common smooth surface culvert materials (e.g., high density polyethelyne, concrete) without substantial influence on the flow field, however, the practical advantages of the lightweight segmented lengths of SPCSP and the potential benefits of the low velocity resting zones between the corrugations make SPCSP an interesting choice of construction material.
BACKGROUND Fish Passage Stressors
The Department of Fisheries and Oceans (DFO) presents a list of stressors known to inhibit fish passage at in-stream structures (Savoie and Haché 2002) . Among these stressors, a few are of particular importance for fish ladder design for application at perched culverts.
The flow field of the arch fish ladder will be evaluated with the following four stressors as principle design criteria; (1) inadequate water depths, (2) excessive velocities, (3) substantial vertical drops and (4) elevated turbulence levels. Numerous research efforts have investigated the effects of these four stressors on fish passage performance on North American fish species and are briefly discussed in the context of the work in the following paragraphs.
Barrier velocities
Fish demonstrate three swim speed modes. The fastest of the three, the burst speed D r a f t (sometimes called darting speed), is normally used to evade predators and navigate rapid reaches of a river such as a choke or low level cascade. A fish's burst-speed can only be maintained for a brief period of time (generally less than 10 seconds) and recuperation is needed after its use. In contrast, a fish's sustained speed or prolonged speed can be held for a duration on the order of minutes. Fish generally use their sustained speed to traverse swift reaches of rivers and streams. Finally, the cruising speed is maintainable for an indefinite period of time and is used for feeding or migrating over slower reaches of water (Clay 1995) . The velocity thresholds that distinguish these three swimming modes depend on a number of factors including the species of fish, body length and size, maturity and ambient water temperatures (Clay 1995; Katopodis and Gervais 2012) . The burst-speed of the target species is a critical design parameter to consider when selecting the geometry of the baffle. Excessive pool velocities can also diminish the availability of suitable hydraulic refuge zones. Over the last half a century many studies have been performed with the intent of defining critical swimming speeds for a variety of fish species. Bell (1990) compiled swim speed thresholds for fishes of social and economic importance from a variety of sources. Some of Bell's data is displayed in Fig. 1 in an adapted form for fish species common to North America. Maintaining velocities within a fish ladder in the range of the sustained swim speed of a target fish species ensures a velocity barrier will not hinder its movements. Flow zones characterized by velocities in the range of the species' critical swim speed should be minimized and efforts to provide adequate hydraulic refuge in high velocity should be taken. Turbulence is generally understood as the random fluctuations of the three velocity components (u', v', w') around their time averaged means ‫ݑ(‬ ത, ‫̅ݒ‬ , ‫ݓ‬ ഥ). Many studies have investigated the influence of turbulence on fish passage, with the majority focusing on how turbulence affects preferred holding positions and swimming energetics. Fish have been found to prefer zones of low turbulence (Smith et al. 2005; Silva et al. 2012a ) and excessive turbulence has been shown to significantly reduce fish passage success rates in pool and weir type fishway (Fouché and Heath 2013) . A number of metrics are commonly used to characterize turbulence levels within a flow for the purpose of fish passage. The volumetric dissipated power (VDP) is a common metric used to measure the bulk turbulence within pool type fishways (Rajaratnam et al. 1986; Chorda et al. 2010; Fouché and Heath 2013) . 
Turbulent kinetic energy (TKE or k (J/kg)), provides a local evaluation of turbulence and is used to identify zones of elevated turbulence, which are thought to be undesirable for fish to hold station (Lacey et al. 2012) . TKE is defined as the sum of the variance of the three velocity components at a point in the flow, (Silva et al. 2011) . The study also noted the use of low k zones as resting areas prior to attempts to traverse high velocity orifices, suggesting the importance of areas of low k in fish ladder design.
Jump height, pool depth and passageway width
The jumping capabilities of numerous trout and salmon species have been investigated by a number of researchers (Lauritzen et al. 2005; Kondratieff and Myrick 2005; Brandt et al. 2005; Kondratieff and Myrick 2006; Lauritzen et al. 2010) . Their efforts have demonstrated that passage success over a vertical barrier depends not only on the barrier's height but also the depth of the plunge pool and the width of the passageway. Adequate plunge pool depth is necessary to ensure fish can accelerate to speeds required to propel themselves over the obstacle. The DFO suggests values of ∆h between pools varying from 100 mm for streams on small watersheds (< 2.5km 2 ) up to 200 mm for larger watersheds for the design of baffles for use in road culverts (Savoie and Haché 2002) . These are general guidelines which help ensure the vertical drop between water surface levels is not a vertical barrier to the passage of weaker juvenile fish. Brandt et al. (2005) concluded that fish ladders designed for juvenile brook trout For a given species, maximum jump height is highly dependent on the complex interaction of body size, maturity and other parameters such as water temperature, depth and flow regime (i.e., plunging or skimming flow; Branco et al. (2013) ). However, reducing the maximum ∆h observed within a fish ladder is important to ensure that the ascension of the target species with the weakest jumping capacity is not hindered.
THE ARCH BAFFLE
The present study employs a 3D computational fluid dynamics model ( and can be determined by dividing the chosen value of ∆h by the slope in decimal form (Savoie and Haché 2002) . This is 100 mm higher than the maximum 100 mm ∆h suggested for juvenile brook trout by Brandt et al. (2005) . Yet the present study intends to be as general as possible by designing a fish ladder that can be used for commonly larger watersheds and therefore a ∆h of 200 mm was retained. However, baffle spacing can be shortened to reduce ∆h for applications on smaller watersheds or where ∆h is of great concern.
THE DFO BAFFLE
In the present study, the hydraulics of the arch baffle were compared to those of the DFO baffle design ( 
Mesh Generation and Flux surfaces
Structured mesh blocks were used to discretize the computational domain. A group of six mesh blocks with cell sizes of 25 mm were created to define the computational domain around the ladder. Visual verification of Flow-3D's representation of the baffle and corrugation geometries suggested that a 25 mm cell size produced sufficient resolution. Given the minimum cell size, the thickness of the baffles was set at 25 mm instead of the thickness of polymer coated steel (6 mm) to be used in the fabrication of the actual baffles. The use of a thicker baffle in the numerical model allows the geometries to be resolved without resorting to excessively small cell sizes necessitating long simulation times (in the order of days or weeks). The additional thickness is believed to have only minor effects on the simulated flow field. Porous flux surfaces were defined at each of the baffles to record the flow rates at given periods in time during the simulation. The flux surface data output was used in D r a f t conjunction with the time dependent mass averaged mean kinetic energy to determine when steady-state was achieved. Furthermore, a volumetric sampling volume was used to obtain the pool volume needed for the calculation of VDP (Eq. 1).
Boundary and Initial Conditions
The majority of mesh planes constituting the mesh blocks of the computational domain were given symmetry boundary conditions. The code assumes a no-slip wall boundary condition for cells intersecting geometric forms. Velocities in these cells are estimated using a log-law wall function. The entrance of the upstream mesh block was defined as a volumetric flow rate boundary and the exit of the lower mesh block was defined as a pressure boundary with a fixed water level below the ramp. The chosen boundary conditions allow flow to move into the domain, over each of the baffles and exit the computational domain at the downstream end.
Numerical Trials
Flows through the arch and DFO baffles were simulated for 2 flow rates ( However, the DFO baffle was designed for application inside roadway culverts (not necessarily fish ladders) where baffle height has a significant influence on hydraulic capacity.
Therefore the height of the DFO baffle studied here may not be the most appropriate for use in a fish ladder, where the influence of the baffle height on the hydraulic capacity of the culvert is less of a concern.
The centerline offset of the principal passageway of the arch baffle allows the zone of elevated k to be concentrated near the side walls of the fish ladder, leaving the center of the pool and the region near the opposing wall with lower values of k (< 0.020 J/kg). This may benefit fish by providing a large zone of low turbulence near the passageway for recuperation before staging jump attempts. The DFO design demonstrates zones of low k immediately upstream to the left and right (labeled 4 in Fig. 6d ) of the zone of high k where the jet impinges on the corrugations in the center of the pool. It can be seen in Fig. 6d that these zones are shallower and smaller in comparison to the resting zone of the arch baffle (label 1 Fig. 6a ), yet still provide resting areas at low flow rates near the upstream passageway with k values of approximately 0.010 J/kg. These zones could be enlarged by heightening the DFO baffle.
Drop heights and Pool Depth
At the low flow rate of 0.0615 m 3 /s, the ∆ℎ between the downstream and upstream These ∆h values are below the maximum jump heights demonstrated for brook trout by Kondratieff and Myrick (2006) . It is interesting to note that the downstream water surface level is higher than the lowest point of the primary passageway by 0.08 m (drowned weir effect), suggesting that weaker fish may be able to swim directly between pools without the need to jump, provided that fish are not hindered by the circulation pattern and eddies formed (Silva et al. 2012a) . Depth above the trough of the primary passageway will continue to increase at higher flow rates due to the retaining function of the protruding convex arch of the immediate downstream baffle. Furthermore, increases in flow rate would also result in a rise in water surface level of the downstream pool which would approach the lowest elevation of the secondary passageway. These features demonstrate the potential for the arch baffle design to respect maximum values of ∆h as the flow rate increases through the ladder. 
DFO baffle
The high flow rate through the DFO baffle is depicted in Figures 7c and 7d . A large portion of the flow passes through the notch as the remaining flow spills over the weir portions of the baffle. The majority of the flow is then entrained along the corrugations near the centerline of the pool before contracting through the downstream notch, similar to the low flow condition (Fig. 6c) . should be investigated in a comprehensive field study.
Volumetric Dissipative Power
The volumetric dissipative power of the arch and the DFO baffles for the various tested slopes and discharge are presented in Table 1 . Both baffle designs respect the VDP suggestions laid out by Larinier et al. (1994) Table 1 ), this is due to the reduction in volume caused by the closer baffle spacing necessary on higher slopes to maintain the maximum 0.2 m drop. Placement of the fish ladder on slopes greater than 10% will require a closer baffle spacing if a maximum drop height of 0.2 m is to be respected. The maximum possible slope will likely be limited to one producing values of VDP < 200 W/m 3 as suggested by Larinier et al. (1994) for salmonids or another appropriate threshold for other fish species. Results from the present study, however, suggest that the arch baffle is well suited to produce adequate hydraulic conditions for fish passage at slopes up to 10%, however field studies are needed for confirmation.
RECOMMENDATIONS AND PRACTICAL CONSIDERATIONS
Field or laboratory testing of the culvert is required on the arch baffle to verify spatial velocity and turbulence distributions over a range of flow rates common to small to medium streams at migratory periods of the year. A comprehensive study involving the passage of live fish would be beneficial to evaluate the effectiveness of the design for a variety of fish species, age groups and body sizes. Also the arch baffle should be evaluated for its ability to pass various forms of debris and compared to the DFO baffle to highlight any possible design advantages in this regard.
The aim of this study was to evaluate the flow field of the arch baffle fitted within a fish ladder for installation on the outlet end of a perched culvert. This study does not address the 
